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We present a catalog of morphological and color data for galaxies with 21 < I < 25 mag in
the Hubble Deep Field (Williams et al. 1996). Galaxies have been inspected and (when possible)
independently visually classied on the MDS and DDO systems. Measurements of central
concentration and asymmetry are also included in the catalog. The fraction of interacting and
merging objects is seen to be signicantly higher in the Hubble Deep Field than it is among
nearby galaxies. Barred spirals are essentially absent from the deep sample. The fraction of
early-type galaxies in the Hubble Deep Field is similar to the fraction of early-types in the
Shapley-Ames Catalog, but the fraction of galaxies resembling archetypal grand-design late-type
spiral galaxies is dramatically lower in the distant HDF sample.
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1. INTRODUCTION
Recently published results from the Hubble Deep Field (HDF) survey (Abraham et al. 1996a), in
conjunction with earlier data from the Medium Deep Survey (MDS) (Griths et al. 1994, Glazebrook et
al. 1995, Driver et al. 1995, Abraham et al. 1996b), and samples of local galaxies such as that given in
the Shapley-Ames Catalog (SAC) (Shapley & Ames 1932), allow one to study the morphological evolution
of galaxy populations as a function of look-back time. On the basis of bulk measurements of central
concentration, C, and asymmetry, A, for galaxies in the HDF and MDS (calibrated using an articially
redshifted sample of local galaxies with Hubble types earlier than Scd), Abraham et al. (1996a) conclude
that by I = 25 mag the fraction of \peculiar" objects has risen to at least 30% of the galaxy population.
The exact nature of these peculiar systems remains enigmatic: they may be luminous very-late-type spirals
or irregulars seen in the rest-frame ultraviolet, mergers, or else systems with no local counterpart. The
UV-optical colors of these peculiar systems suggests that a substantial fraction of faint peculiars might be
at very high redshifts (z > 3).
Parameters such as C and A have the important benet of being objective measurements, but these
simple parameters describe only a subset of the morphological information contained in the HDF images,
and are not designed to detect relatively subtle features (eg. bars and tidal tails), which at present still
require subjective visual inspection (and human expertise) in order to be detected. In the present paper
we present a morphological catalog of 21 < I < 25 mag galaxies in the Hubble Deep Field, including both
visual classications on the MDS (Glazebrook et al. 1995; Abraham et al. 1996b) and DDO (van den Bergh
1960a, b) systems, as well as measurements of the morphological parameters C and A studied in Abraham
et al. (1996a). The plan of this paper follows. In x2 we describe the format of the HDF catalog, and outline
the steps that have been taken in order to allow meaningful comparisons to be made between the visual
classications of objects in the HDF and visual classications in the MDS and SAC. In x3 we show specic
examples of dierent classes of peculiar objects, in order to clarify the terminology used in the catalog.
In Section 4 we discuss the relative fractions of various morphological types in the HDF, MDS, and SAC
catalogs. A number of model-independent statements can be made directly from this comparison, which
both support and expand upon the conclusions given in Abraham et al. (1996a). A major new conclusion
is that both barred and \grand-design" spiral structure is rare in HDF galaxies. In Section 5 we attempt to
understand more about the nature of peculiar systems in the Hubble Deep Field, by determining the fraction
of peculiar galaxies that show evidence for tidal interactions. New evidence is presented suggesting that a
substantial fraction of the peculiar systems in the HDF and MDS are tidally distorted. x6 summarizes our
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conclusions.
2. THE HDF CATALOG
The HDF data catalog is presented in Table 1, which has a format similar to that of the MDS
data recently published by Abraham et al. (1996b). The table lists (1) the galaxy ID number, (2) the
J2000 coordinates, (3) the pixel coordinates on the \drizzled" HDF frames released by STScI1, (4) the I
magnitude, (5) the U−B color index, (6) the B−V color index, (7) the V −I color index, (8) the asymmetry
and (9) central concentration measures from Abraham et al. (1996a), (10) the visual classication by RSE
into three large bins (E=elliptical, S=spiral, P=irregular/peculiar/merger), (11) the visual classication
by vdB on the numerical \MDS system" used by RSE to classify the data in Glazebrook et al. (1995),
and described in detail in Abraham et al. (1996b)2, and (12) the galaxy classication by vdB on the DDO
system. Remarks on the DDO classications are shown as footnotes, and include, for example, references
to a few HDF galaxies that have a peculiar morphology that simulations suggest might possibly be the
result of band-shifting eects which will be discussed below. The remarks also draw attention to a few
objects classied as E0 which might, in fact, be Galactic foreground stars. All uncertain classications are
followed by a colon. The catalog was constructed using the prescription given in Abraham et al. (1996a).
(Note particularly that the colors presented have have been obtained using the instrumental calibrations
of Holtzman et al. 1995). The 42 high-z candidates with red UV-optical colors (U − B > −0:2) and blue
optical-near IR colors (V − I < 0:6), indicating the possible presence of the Lyman discontinuity in the
U -band spectral energy distribution (Steidel et al. 1996), are indicated in boldface in the rst column. A
montage showing all these galaxies is shown in Figure 1. The morphological characteristics of these objects
are described in Section 6 below.
The large redshift range of the HDF and MDS datasets is an important consideration when making
comparsions between these surveys and local galaxy catalogs. Bandshifting eects result in the MDS and
HDF samples having very inhomogeneous rest-frame color selection criteria. For objects with z < 1 the
eects of bandshifting are (to rst order) compensated for by the fact that most nearby galaxy catalogs
1Note that the rst digit in the ID numbers corresponds to the WF/PC2 chip on which the object lies.
2The numerical designations are as follows: -1 = compact, 0 = E, 1 = E/S0, 2 = S0, 3 = Sab, 4 = S,
5 = Scdm, 6 = Ir, 7 = peculiar, 8 = merger and 9 = defect.
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(such as the SAC) were constructed in the B-band, whereas the MDS and HDF images were obtained
in I-band (F814W lter). However at higher redshifts galaxies are being observed in the rest-frame
ultraviolet, where their morphological properties are less well-understood than in B-band. For fainter
galaxies, bandshifting eects have been estimated by comparing the appearance of galaxies in the HDF
survey to the results from simulations3 in which local galaxies (with Hubble types between E and Sc) were
articially redshifted to z = 2, and to preliminary data from an ongoing U -band survey of local galaxies
(being prepared in Cambridge). The main conclusion from these simulations is that faint \chain-like" linear
galaxies need to be interpreted with some caution, since the appearance of these objects is quite similar to
the expected appearance of distant late-type spirals seen edge-on in the rest-frame ultraviolet.
A major objective of the present catalog is to provide precise classications for objects using the
morphological bins of the DDO system (in which the great majority of local objects nd a home).
Objects (such as probable mergers) that do not naturally t into the DDO scheme (or which cannot be
\shoe-horned" into the system by assuming a reasonable contribution from bandshifting eects) have been
flagged as peculiar by being designated 7 or 8 in the numerical MDS system. Since these objects cannot be
classied on the DDO system they have instead been given a general qualitative remark (eg. \merger", for
probable mergers, or \tadpole galaxy" for head-tail systems) in the last column of Table 1. We emphasize
that classifying peculiar objects into broad categories (such as mergers) is particularly subjective (see x5
below), but since the merger fraction is of great interest it seems useful to flag the subset of peculiar galaxies
that are at the best candidates for being interacting systems.
It is important to emphasize that many of the objects that cannot be classied into the DDO system
exhibit \generic" features similar to those seen in local spiral galaxies (eg. an amorphous disk with a bulge),
but the poorly dened spiral structure in these objects does not correspond closely to the images of local
archetypal spirals dening the Hubble sequence within the DDO system, or to the articially redshifted
spirals in our (incomplete) local galaxy sample. In addition to peculiar objects that resemble distant spiral
galaxies in a general sense, large numbers of peculiar systems are seen that do not resemble spirals at all.
For example, inspection of the images of HDF images reveals the existence of a class of head-tail galaxies
resembling tadpoles (see Fig. 2), which comprise about 3% of the galaxies in the HDF. The only local
3As described in Abraham et al. (1996b), the local galaxies used in these simulations are K-corrected on
a pixel-by-pixel basis, with the spectral energy distribution appropriate to each pixel estimated from optical
colors.
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analog of such an object that we are aware of is NGC3991, which is illustrated in plate I of Morgan (1958).
\True-color" images of the HDF galaxies brighter than I = 25 mag were produced by stacking the V ,
R, and I band frames into blue, green, and red channels. Qualitative remarks on the colors of individual
galaxies are also shown in the body of Table 1 and in the remarks to this table. In these remarks we
have used the following abbreviations: vB=very blue, B=blue, R=red and vR=very red. In general the
\true-color" images revealed that (a) The majority of \tadpole" galaxies were quite blue in color. (b) A
few images that appeared chaotic or irregular on the I-band image contained a single red knot, which can
presumably be identied with their stellar nuclear bulge, in the pseudo-color image. In some other images
bluish clumps cluster around a relatively red central region. Presumably these are objects that are in the
early stage of evolving into conventional spiral galaxies. (c) Although most E galaxies appeared to be red, a
few of them had quite blue colors. Presumably these are (proto?) ellipticals that have only recently formed
stars, or possibly misclassied stars.
3. REPRESENTATIVE IMAGES OF HUBBLE DEEP FIELD GALAXIES
The following are examples of some of the unique types of objects represented in the HDF catalog,
intended to illustrate the general criteria used in the catalog when classifying galaxies as \peculiar".
HDF 2-234 (Fig. 2). I = 23:54 mag, B − V = 0:48. This is a good example of a \tadpole" (head-tail)
galaxy. It is, however, slightly atypical because the head is relatively red, whereas the tail is blue. In most
tadpole galaxies both the head and tail are blue.
HDF 2-86 (Fig. 3). I = 22:27 mag, B − V = 0:50. This image may show an early phase in the formation
of a spiral galaxy. The central knot, has a slightly orange tinge in the Figure, indicating that at least a few
evolved stars are present, is embedded in a chaotic structure of blue knots in which active star formation
presently seems to be taking place.
HDF 2-403 (Fig. 4). I = 21:57 mag, B − V = 0:35. This image shows a multiple merger of at least a half
dozen blue knots. Most of these knots are seen to have a high surface brightness.
HDF 3-312 (Fig. 5). I = 22:69 mag, B − V = 0:64. This object may represent a spiral galaxy at an
early stage in its evolution. It contains a relatively red nucleus, which is located asymmetrically within a
structure containing many blue knots. The observed colors suggest that the light of the bulge is dominated
by evolved stars, whereas the knots surrounding it contain young blue stars. It is interesting to note that
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objects such HDF 3-312, with relatively red bulges surrounded by rather chaotic structure including a
number of blue knots, seem to be excellent proto-spiral candidates, and supply rather direct evidence in
support of the widely-held view that bulges form before disks.
HDF 3-531 (Fig. 6). I = 23:92 mag, B− V = 0:29. This string of blue knots may be related to the \chain
galaxies" recently reported by Cowie et al. (1995) and, perhaps, more distantly, to the \tadpole galaxies"
discussed above.
HDF 4-105 (Fig. 7). I = 22:22 mag, B − V = 0:74. This object, which was classied S(B)ct on the DDO
system, is the only barred spiral in the entire HDF sample. An alternative interpretation of its morphology
is that this object is a peculiar spiral that is being tidally deformed by an elliptical companion. The fact
that at only one barred spiral is observed in the HDF shows that the frequency of barred objects is an order
of magnitude lower than it is among nearby galaxies. This point is discussed in more detail below.
4. FREQUENCY OF MORPHOLOGICAL TYPES
Because the comparison between the morphologically segregated number counts and no-evolution
models presented in Abraham et al. (1996a) is dependent upon assumptions made with regard to the
normalization and faint-end slope of the local luminosity function, it is interesting to consider what
model-independent statements can be made directly from the observed fractions of various morphological
types given in Table 1. The numbers of galaxies of various DDO classication types in the HDF, MDS
and SAC4 are listed in Table 2. These data represent the nest morphological binning that can be made,
on a strictly comparable basis, for all three surveys. In Table 3 the morphological data have been grouped
4The only dierences between the DDO morphological classication systems used for classifying galaxies
in the HST data, and the system used to classify galaxies in the SAC, are as follows: (1) E and S0 galaxies
could not be distinguished on the prints of the Palomar Observatory Sky Survey (POSS) used for the SAC,
and therefore both classes of object were denoted by E in van den Bergh (1960c). (2) \probable collisions"
in the SAC are referred to as \probable mergers" in the classication of MDS and HDF galaxies. Both
the classications of MDS and HDF galaxies were made by interactive inspection of images that displayed
intensity on a logarithmic scale. This made these images quite comparable in texture and contrast to SAC
galaxies classied on the POSS prints. The present data are therefore well-suited to an intercomparison
between the galaxy populations in the HDF, MDS and SAC.
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together into somewhat wider morphological bins. The corresponding percentages of galaxies in each
classication bin are given in Table 4. Finally, Table 5 lists the coarsest possible binning within the DDO
system in which galaxies have been designated either E/S0 (E, E/S0, S0, S0/Sa, E/Sa), or Spiral/Irr (Sa,
Sab, Sb, Sc, Sbc, Sc/Ir, Ir, S), or \not classied". In Tables 2{5 below (and in the next paragraph) the
numbers given in parentheses correspond to values for I < 24 mag in the HDF, and I < 21 mag in the
MDS. Because the morphological classication of galaxies in both the HDF and MDS samples was extended
to rather low signal-to-noise limits, the numbers in parentheses are our most robust (and conservative)
estimates.
Inspection of the data in Tables 2{5 shows that the fraction of unclassied galaxies in the DDO
system rises from 7% in the SAC to 39% (31%) in the distant HDF sample. In other words, of order half
the galaxies in the HDF cannot be directly incorporated into the Hubble scheme (cf. Abraham et al.
1996a). While the interpretation of this result is somewhat sensitive to the (currently unknown) redshift
distribution of galaxies in the HDF and MDS, the fraction of peculiar systems in the MDS and HDF is
nearly an order of magnitude greater than the fraction of very-late-type spirals predicted from no-evolution
models (Glazebrook et al. 1995, Abraham et al. 1996a, b). It thus appears that the majority of MDS
and HST \peculiars" do not appear distorted as the result of bandshifting eects. An even more dramatic
evolution occurs for barred spirals (van den Bergh et al. 1996) which account for 22% of the nearby SAC
sample, 4% of the MDS galaxies and only 0.3% of the distant objects in the HDF. On the other hand, the
fraction of E/S0 galaxies remains approximately constant from nearby Shapley-Ames galaxies at 24 2%,
to distant HDF galaxies at 30 3% (31 5%). It is emphasized that while redder galactic features (eg.
bars) may appear dimmer at high redshifts due to bandshifting eects, articial redshifting of local barred
spiral galaxies (Figure 8) suggests that most bars should be detectable out to redshifts beyond z = 1:5. 5
5. INTERACTING AND MERGING SYSTEMS
The distinction between tidally distorted/merging systems and other categories of peculiar objects is
dicult to make without dynamical information. Because this distinction is so important, however, and
because some characteristics of tidal interaction are rather evident from visual inspection alone (eg. tails,
5Nuclear bulges are evident in many spiral or spiral-like systems in the HDF. If bars and bulges are of
similar color, as is the case locally, then prominent bars and bulges should be detectable to similar redshifts
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multiple nuclei), an attempt has been made to place galaxies in the HDF, MDS, and SAC into in a sequence
ranging from objects showing no tidal distortion (w = 0), through objects showing possible tidal eects
(w = 1), via galaxies exhibiting probable tidal distortions (w = 2), to possible mergers (w = 3) and nally
to objects that are almost certainly merging (w = 4). Such information on galaxies in the HDF, MDS and







in which wij is the w value for the jth galaxy in the ith sample, and Ni is the number of galaxies in that
sample. From the data listed in Table 1 it is found that I = 0:96 for the distant HDF sample, I = 0:26
for the MDS galaxies, and I = 0:18 for nearby objects in the SAC catalogue. These results show that
the normalized interaction index increases precipitously with increasing magnitude (and, by implication,
look-back time).
6. DISCUSSION
Intercomparison of galaxies in the SAC, MDS and HDF catalogs allows one to probe the observed
changes in the morphology of galaxies with increasing look-back time. The present results indicate that
the observed fraction of Es and S0s remains constant at 1/4 or 1/5 of all galaxies in all three surveys.
However the observed fraction of canonical grand design spiral galaxies of types Sb + Sbc + Sc is an order
of magnitude smaller in the HDF relative to the RSA. In the HDF only 3% of all galaxies belong to types
Sb-Sc, compared to 29% in the MDS and 50% in the SAC. The data in Table 5 show that the fraction of
galaxies that do not nd a home in the DDO/Hubble classication scheme rises steeply from 7% in the SAC
to 39% in the HDF. This observation appears consistent with scenarios (Toomre 1977) in which there was
\a great deal of merging of sizable bits and pieces (including quite a few lesser galaxies) early in the career
of every major galaxy".
The majority (26/42) of high-redshift candidates selected on the basis of red UV-optical colors
(U −B > −0:2) and blue optical-near IR colors (V − I < 0:6) shown in Figure 1 are classied as mergers,
peculiars, or irregulars on the DDO system (8, 7, or 6 on the MDS system). With eective exposure times
an order of magnitude shorter than those of the HDF, Giavalisco et al. (1996) found that candidate high-z
galaxies (selected on the basis of UV -optical colors) do not generally appear to extended and distorted, as
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reported here. Instead Giavalisco et al. nd that high-z candidates appeared to exhibit a fairly narrow
range of compact and generally spherically symmetric morphologies. They also note that in several cases
these compact objects are surrounded by low-surface-brightness asymmetric nebulosities. A number of
galaxies in the HDF t this description, but such objects appear to constitute a relatively small fraction
(< 30%) of high-z candidate galaxies in the Hubble Deep Field. The apparent discrepancy between these
results may simply be due to the much greater depth of the HDF images, which allows extended, irregular
structures to be detected, or due to the relatively small number statistics involved. (There are 19 high-z
candidates in Giavalisco et al., but only 11 of these are brighter than mAB = 25 mag. In the present HDF
catalog 42 high-z candidates are at I < 25 mag).
The relatively constant fraction of ellipticals in the RSA, MDS, and HDF catalogs must be accounted
for if merger models for the origin of ellipticals are to prove succesful. The importance of bandshifting eects
prevents us from being able to estimate the volume density of ellipticals directly from the observational
data, without reference to detailed modelling of the number counts. A determination of the redshift
distribution of the ellipticals in the HDF catalog would likely prove extremely interesting: if most early-type
galaxies existed before spiral galaxies were assembled (hinted at by the large fraction of ellipticals at faint
magnitudes), then ellipticals are unlikely to have formed from merging spirals. A similar conclusion has
previously been reached by van den Bergh (1982, 1990) from the observation that the specic frequency
of globular clusters in ellipticals is higher than it is in spirals. Recently Geisler, Lee, & Kim (1996) have
shown that the peak of the metallicity distribution function of metal-poor globular clusters is located at
a systematially higher value of [Fe/H] in ellipticals than it is in spirals. This observation appears dicult
to reconcile with a model in which ellipticals are formed from merging spirals, since such a scenario one
would have expected the distribution functions for metal-poor globular clusters to peak at the same value
in elliptical and spiral galaxies.
The absence of barred spirals may exclude scenarios (eg. Pfenniger 1993) in which galactic bulges are
formed from bars. Because of the importance of our conclusion that barred spirals are very rare among the
galaxies in the HDF, we have re-examined the images of the 65 galaxies with I < 23:0 mag, looking for even
the slightest evidence for a nuclear bar. Since these objects also tend to be among the largest galaxies in
the HDF it is possible to observe their structure in more detail than is the case for the smaller and fainter
images. This detailed re-inspection supports our conclusion that barred spirals are very rare in the HDF.
The following are comments on the 6 (9%) of these bright galaxies with I < 23:0 mag of that exhibit an
extended nuclear structure that might be interpreted as being related to a nuclear bar:
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HDF 3-296: While this object is classied as a ‘merger?’, it could also be reinterpreted as a dwarf galaxy
of type S(B) IV.
HDF 4-105: Classied as ‘S(B)c t’, this object might also be an Sc that is presently being distorted by a
nearly compact companion.
HDF 2-553: The nuclear region of this object is slightly elongated. This galaxy might also be interpreted
as being of type S(B)/Ir(B).
HDF 2-352: This one-arm spiral has an elongated nuclear bulge.
HDF 2-121: Classied as ‘Sbt?’, this galaxy has an elongated nuclear region.
HDF 2-416: This object is a peculiar one-arm spiral with slightly elongated bulge.
It is therefore concluded that the observed absence of barred spirals in the Hubble Deep Field is unlikely
to be the result of low signal-to-noise in the data. The absence of nuclear bars in faint galaxies may prove
to be an important clue to the origin of galactic structure, although a detailed interpretation of this eect
will depend, like so many other eects, upon the redshift distribution of galaxies in the HDF.
We thank Bob Williams for his foresight in making the HDF images publicly available. We are also
indebted to Daniel Durand of the Canadian Astronomy Data Centre for help with displaying HDF images,
and to the Cambridge APM group for advice on generation of the HDF catalog.
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Figure Captions
Fig. 1.| Montage showing high-z candidates in the HDF, selected by the color criterion of U − B > −0:2
and V − I < 0:6. Galaxies are displayed along six rows, sorted by magnitude left to right, starting from the
brightest galaxies in the top row. (Row 1:) HDF 2-301, HDF 4-341, HDF 2-243, HDF 3-367, HDF 3-589,
HDF 4-625, HDF 2-380. (Row 2:) HDF 4-184, HDF 4-235, HDF 2-513, HDF 4-7, HDF 4-387, HDF 2-33,
HDF 3-56. (Row 3:) HDF 2-242, HDF 2-131, HDF 2-555, HDF 3-278, HDF 2-514, HDF 2-275, HDF 2-353.
(Row 4:) HDF 4-313, HDF 3-617, HDF 2-25, HDF 3-379, HDF 4-372, HDF 2-302, HDF 2-193. (Row 5:)
HDF 2-356, HDF 2-221, HDF 4-227, HDF 2-351, HDF 4-33, HDF 4-165, HDF 4-59. (Row 6:) HDF 3-616,
HDF 4-308, HDF 4-368, HDF 2-459, HDF 2-526, HDF 3-267, HDF 4-655.
Fig. 2.| Example of a \tadpole" (head-tail) galaxy (HDF 2-234). Most objects of this type are blue
indicating that their light is dominated by young stars.
Fig. 3.| Example of a possible protospiral (HDF 2-86) with an orange nucleus surrounded by blue knots.
Fig. 4.| Example of a multiple merger of compact blue objects (HDF 2-403).
Fig. 5.| Possible proto-spiral with asymmetrically located reddish nucleus embedded in a structure
containing blue knots (HDF 3-312).
Fig. 6.| Example of a blue chain of knots (HDF 3-531). Such objects (rst reported by Cowie et al. 1995)
may be related to \tadpole" galaxies.
Fig. 7.| This is the only example of a possible barred spiral in the HDF survey (HDF 4-105). Alternatively
this object may be interpreted as a spiral that was distorted by a recent tidal encounter with a compact
companion.
Fig. 8.| Montage showing all barred spirals in the Frei et al. sample articially redshifted to z = 1. The
barred structure of most galaxies remains evident.
